The polymyxin antibiotics interact initially with the gram-negative bacterial cell wall by binding to lipopolysaccharides (LPS) and phospholipids in the outer membrane (OM) (1, 25, 32, 38, 41, 42) . Then the antibiotic molecules penetrate through the cell wall layers in a manner that has yet to be determined. The antimicrobial action of the polymyxin antibiotics on gram-negative bacteria results from the interaction of the antibiotic molecules with the phospholipids in the cytoplasmic membrane (1, 38, 41) , disrupting the osmotic equilibrium of the cell and causing leakage of cell contents (27, 33, 40) . This mechanism of action is supported by ultrastructural studies of Pseudomonas aeruginosa treated with polymyxin (14, 22) .
Resistance to polymyxin in P. aeruginosa appears to be due to an exclusion mechanism (1, 10, 14) which prevents the antibiotic from penetrating through the OM to reach the sensitive sites on the cytoplasmic membrane. The OM could be altered in at least two ways to achieve this loss of permeability to the antibiotic. The loss of one or more of the major OM proteins that might act as a porin to facilitate the penetration of polymyxin through the OM barrier could render the OM impermeable to the antibiotic. Evidence to support the loss of OM proteins as a basis of resistance to polymyxin B in P. aeruginosa has been given in both a previous ultrastructural (14) and a chemical (12) study. Gilleland and Murray (14) showed by freezeetch analysis of polymyxin-resistant isolates of P. aeruginosa that the OM is altered in architecture upon the acquisition of the antibiotic resistance. The number of particles on the concave fracture surface of the OM, which corresponds to the underneath side of the outer half of the lipid bilayer, is greatly reduced in the resistant isolates as compared with the number of particles present on the similar fracture of polymyxin-sensitive cells. These particles have been identified as OM protein-LPS complexes in P. aeruginosa (10, 16, 31, 37) , with the complex reported to be 60% protein, 30% LPS, and 10% loosely bound lipid (30) . More recently, these particles have been identified as protein-LPS complexes in Escherichia coli as well (43, 44) . Gilleland and Lyle (12) documented that the acquisition of polymyxin resistance in P. aeruginosa is associated with a loss of three OM proteins having apparent molecular weights of 24,000, 36,500, and 47,000 and with a reduction of approximately 25% in the LPS content. A 36,000-dalton OM protein has been reported to be the major porin protein of P. aeruginosa (18) .
A second possibility for altering the OM to result in polymyxin resistance would be the alteration of the lipid composition of the OM in such a way that polymyxin could no longer bind to and penetrate the OM. Lipid alterations have been associated previously with polymyxin resistance in P. aeruginosa (2, 4, 6 Gilleland and Lyle (12) . The strains comprise three different types of isolates. The first system includes the polymyxin-sensitive PAO strain and the polymyxin-resistant isolate A. Isolate A was derived from the PAO wild-type strain. However, isolate A is not a stable genetic mutant, but represents an adaptive response to the presence of 6,000 U of polymyxin per ml of growth medium. Upon growth in medium lacking polymyxin, isolate A reverts to greater polymyxin sensitivity. Similar adaptive resistance to polymyxin has been reported for E. coli (17) and Proteus strains (34). Brown's isolates (strains BR-6 and BR-9) are stable genetic mutants derived from the wild-type strain BR-i and representing increasing levels of resistance (2) . These strains were obtained from M. R. W. Brown (University of Aston in Birmingham, Birmingham, England). BR-6000 represents the BR-i strain adapted to growth in the presence of 6,000 U of polymyxin B per ml of growth medium. The remaining four strains are clinical isolates whose genetic backgrounds are not known. HG-i and HG-2 were determined to be polymyxin sensitive, whereas HG-3 and HG-4 were determined to be polymyxin resistant upon initial isolation and antibiotic sensitivity testing by hospital laboratories.
Growth conditions. All cells were grown in a basal medium previously used as basal medium 2 in an ultrastructural study of P. aeruginosa (15 (7) . A 10% palladium catalyst on charcoal was used at a 50-lb/in2 pressure. This mild hydrogenation procedure leaves the cyclopropane ring intact. After hydrogenation, peaks tentatively identified as C16:1 and C18:1 disappeared, and proportionate increases were noted in the peaks which cochromatographed with authentic methyl esters of palimitate (C16) and stearate (C08). The identification of each bacterial fatty acid was further confirmed by the addition of an authentic standard to the tentatively identified bacterial methyl esters and by subjecting the mixture to gas-liquid chromatography analysis. The authentic standard and the tentatively identified bacterial fatty acid cochromatographed in all cases. The average fatty acid chain length was determined by a summation of area percentages multiplied by the chain length of the identified fatty acids. Lipids in the REL fraction were separated by thin-layer chromatography in a multisolvent system. RELs were spotted on Silica Gel G plates and developed 10 cm in solvent I containing chloroformmethanol-water (65:25:4). Plates were removed, air dried, and developed 14 cm in solvent II containing hexane-diethyl ether (4:1). Bacterial lipids were tentatively identified by comparison with reference phospholipids (Supelco, Inc.), which included diphosphatidylglycerol (DPG), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidic acid, phosphatidylcholine, lysophosphatidylcholine, phosphatidylserine, and lysophosphatidylserine.
The separated lipids were visualized by spraying the developed plates with 50% H2SO4 saturated with potassium dichromate and heating at 155°C for 45 min. The resultant dark brown spots were scanned with an EC910 densitometer (E. C. Apparatus Corp.), and the relative area percentage for each peak was calculated by triangulation. Bacterial lipids were identified by comparison with known standards and reactions to thin-layer chromatography spray reagents (Applied Science Laboratories). All reagents were used as recommended in Applied Science Laboratories technical bulletin no. 34. Specific reagents used in identification included iodine vapor, bromocresol green, Dragendorff reagent, molybdenum blue, Ninhydrin-Plus, and bromothymol blue.
Cation analysis. P. aeruginosa cell envelopes (25 mg) were digested in 10 ml of boiling 50% HNO3. Digestion was considered complete when the solution remained clear after cooling. Cold 50% HNO3 was used to restore the original volume. Magnesium, calcium, and potassium ions were quantitated by atomic absorption spectrophotometry (Metlab Inc., Tulsa, Okla.).
Statistics. The (Table 1) . Isolate A, which is derived from the wild-type PAO strain, has adapted to growth in medium containing 6,000 U of polymyxin per ml. Isolate A showed a significant increase in REL content and a significant decrease in the proportion of RELs comprised of phospholipids as measured by determining the micromoles of phosphorus per milligram of REL, but showed no significant change in the content of acid-extractable lipids as compared with these cell envelope components in the PAO polymyxin-sensitive strain. When isolate A reverted to greater sensitivity to polymyxin upon growth in medium lacking polymyxin, there was no statistically significant difference among the cell envelope RELs, acid-extractable lipids, or phospholipid content as compared with the wild-type PAO strain. Thus, the emergence of polymyxin resistance appeared to be associated with lipid alterations in the cell envelope, with these alterations being lost when the cell reverted to increased sensitivity to polymyxin.
The polymyxin-resistant Brown strains showed a similar pattern of cell envelope lipid alterations, with an increased REL content and a decreased phospholipid content. In addition, the BR-6 and BR-9 strains had a significantly increased content of acid-extractable lipids. Upon growth in medium lacking polymyxin, BR-6000 showed no statistically significant difference in RELs, acid-extractable lipids, or phospholipid content compared with the wild-type BR-1 strain.
The clinical strains followed the same pattern of lipid alterations as was seen in the PAOisolate A system. A direct comparison of the clinical isolates resistant to polymyxin with clinical isolates sensitive to polymyxin is complicated by the fact that the sensitive strains do not represent the wild-type strains from which the resistant strains were derived. Instead, the clinical isolates are all of unknown genetic backgrounds. Nevertheless, the HG-3 polymyxin-resistant strain showed a significant increase in RELs and a significant decrease in phospholipid content when compared with either the HG-1 or HG-2 polymyxin-sensitive strain. The HG-4 polymyxin-resistant strain had a significantly decreased phospholipid content compared with either the HG-1 or HG-2 polymyxin-sensitive strain, but failed to show a significant increase in RELs.
Fatty acid composition. Upon tmamination of the fatty acid composition of the REL fraction of the various strains, the pattern of an increase in the unsaturated straight-chain fatty acids accompanied by a decrease in the cyclopropane fatty acids was apparent in the polymyxin-resistant strains as compared with the polymyxinsensitive strains (Tables 2, 3 , and 4). In isolate A compared with PAO, the increase in unsaturated Although certain alterations were found in the content of the various saturated straight-chain fatty acids, no pattem of alteration in these fatty acids could be correlated with resistance to polymyxin. In addition, only trace amounts of branched-chain or odd-chain fatty acids were noted. The fatty acid average chain length did not appear to differ significantly between the polymyxin-sensitive and -resistant strains.
Composition of RELs. The chloroformmethanol-extractable lipids were separated, characterized, and quantitated in multiple systems by thin-layer chromatography ( Fig. 1 and Table 5 ). Lipids were visualized by iodine vapor, Rhodamine 6G, bromothymol blue, and acid charring. The major components identified were DPG, PE, and PG. These phospholipids were tentatively identified by their reaction to molybdenum blue, Ninhydrin-Plus, and Dragendorff reagent, comparative Rf values, and cochromatography with authentic standards.
The polymyxin-resistant strains all had a large, statistically significant decrease in the content of PE, which is the major phospholipid found in the OM (21) , and a large, statistically significant increase in the content ofunidentified lipids. In addition, all of the polymyxin-resistant strains except for isolate A had a significant increase in the content of DPG. The isolate A, BR-6000, and HG-4 strains had a significant decrease in PG. Upon growth in medium lacking polymyxin, both isolate A and BR-6000 reverted to a pattern of these various lipids similar to that seen in the PAO and BR-1 strains.
The primary unidentified lipid (lipid X) found most prominently in RELs of the polymyxinresistant strains did not separate from DPG in solvent I. Separation of DPG and lipid X was achieved in solvent II, which immobilized the phospholipids. Lipid X was positive to iodine vapor and emitted a bright yellow color with bromocresol green. It was negative to molybdenum blue, Ninhydrin-Plus, and Dragendorff reagent. These data indicated that lipid X is possibly a neutral lipid lacking either a phosphate, free amino, or choline moiety. Lipid X had an Rf of 0.73 when chromatographed in a solvent containing petroleum ether-diethyl ether-acetate (90:10:1).
Cation content of cell envelopes. The cell envelopes of the polymyxin-resistant strains examined had reduced concentrations of the divalent cations Mg2e and Ca2", but no correlation was noted between the K+ concentration and polymyxin sensitivity ( (11) . One mechanism would be for the antibiotic molecules to interact with the lipids of the OM as described above, leading ultimately to the transient local breakdown (24) of the OM to allow penetration through the OM. Resistance by exclusion in this case would be determined by OM lipid alterations, perhaps through loss of receptor phospholipids, so that polymyxin would no longer bind to and interact with the OM lipid bilayer. If the whole polymyxin molecule penetrates into the lipid bilayer as proposed in the second model (8) , then this mechanism of exclusion would seem the more likely. The second penetration mechanism would be for the polymyxin molecule to initially be bound by OM LPS or phospholipids or both, but for the actual penetration to proceed through an OM protein porin. Resistance by exclusion would be determined by loss of the appropriate OM protein that forms the porin. If, as proposed in the first model (20, 35) , the large hydrophilic headgroup does not penetrate into the lipid bilayer, then this mechanism of exclusion would seem the more likely.
At present, neither of the two possible mechanisms can be established as being correct, although there is evidence to support both. The OM of the polymyxin-resistant strains included in this study were shown previously to have lost the major OM proteins (12) , including the protein identified as the major porin of P. aeruginosa (18) . In addition, these strains grow slower than the sensitive strains and have altered permeability properties toward a variety ofother antibiotics (H. E. Gilleland, Jr., unpublished data). These characteristics would be expected in porin-deficient strains. However, a similar loss of the major OM proteins was not found in another strain of P. aeruginosa made resistant to polymyxin by growth in different carbon sources (11) . This weakens the argument in support of the loss-of-porins mechanism. The lipids of the strains made resistant upon growth in various carbon sources were altered (4). In addition, other studies of polymyxin-resistant P. aeruginosa strains have reported lipid alterations (1, 2, 6 ). The polymyxin-resistant strains known to have lost OM proteins are shown in the present study also to have lipid alterations. These observations lend support to the lipid alteration mechanism. The interpretation of the lipid alterations noted in the cell envelopes of the polymyxinresistant strains in this study is not without certain difficulties. For instance, the increased content of RELs (Table 1) could be of a compensatory nature secondary to the loss of OM proteins and LPS from the OM of the resistant strains. Instead of mediating resistance to polymyxin, these lipid increases could be necessary merely to provide sufficient material to cover the cell surface in the absence of sufficient LPS and OM proteins. A similar compensatory increase in lipids has been reported in mutants of Salmonella typhimurium deficient in OM LPS and proteins (36) . The changes in the proportion concentration in a polymyxin-resistant strain of P. aeruginosa.
The polymyxin-resistant strains of P. aeruginosa used in this study now have been shown to have alterations in the cell envelope lipid content and composition, in the content of OM major proteins and LPS (12) , and in the content of cell envelope cations. These various alterations point out the difficulty inherent in moniin of the RELs from the P. toring only one component of cell envelope in-sensitive PAO strain (PAO), chemistry, whether it is OM protein composimt isolate A strain (A), and the tion, LPS content, or lipid composition, in assorted to polymyxin sensitivity (A-ciation with the development of a property such phospholipids (S). The standard as antibiotic resistance. Extreme caution must DPG, PE, and PG. Thin-layer be exercised in ascribing the development of the G were chromatographed and ed in the text. Note that isolate altered property of the cell to a change i the cmse in the content of an uniden-monitored envelope component unless the other iler increase in the DPG content, cell envelope components are also monitored e in the content of both PE and and found not to be altered. The OM is a dynamic structure in that an alteration in the content of one of its chemical components may result in a compensatory alteration in the conunsaturated fatty acids seen tent of its other chemical components. The alins (Tables 2, 3 , and 4) might teration noted in the one component monitored ifer proper OM fluidity char-may be secondary to another alteration and may bsence of the normnal amount not be the primary alteration responsible for the oteins. Conversely, Dunnick development of the characteristic of interest. rho found that a polymyxinThere is also a need for caution in extrapolatKlebsiella pneumoniae con-ing studies done with various enteric genera to )ncentration of unsaturated P. aeruginosa. For instance, polymyxin-resistDwer concentration of cyclo-ant strains of both E. coli (5) and Proteus mils than was contained in a rabilis (39) have been reported not to have e K. pneumoniae strain, hy-significant lipid alterations, whereas all polyrering the cyclopropane fatty myxin-resistant strains of P. aeruginosa studied I result in a fatty acid com-have shown lipid alterations. The cell envelope ar to that of mammalian cell of P. aeruginosa is known to differ from that of nembranes are more resistant the enteric bacteria in a number of characterisEre bacterial cell membranes. tics, including having a larger exclusion limit for changes might be expected the porin (18) , having more phospholipid exile in mediating resistance to posed on the outer surface (29) , having greater icular, the reduction in phos-sensitivity to EDTA (16) , having a thinner peprable 1), and in PG and PE tidoglycan layer upon thin-section electron mi-5), could reduce the ability of croscopy (13) , and lacking a lipoprotein covaymyxin. The acidic phospho-lently bound to the peptidoglycan (19) . In the clinical isolate group, the first value compares the resistant strain with the HG-1 sensitive strain, and the second value compares it with the HG-2 sensitive strain. 
